Abstract: This study reports the numerical analyses of a CO 2 transcritical cycle on solar assisted heat pump water heating system in which evacuated tube U-pipe solar collector is utilized as an evaporator. This simulation model can predict operating characteristics for moderate meteorological conditions of North Dakota. The main purpose of this work is to simulate the overall performance of the heat pump cycle by varying compressor speed. From the analysis the coefficient of performance (COP) value is predicted from 1.5 -2.8 with three different average solar insolation. The results showed that the performance of the system significantly influenced by the compressor speed and solar irradiation. This study also calculated the instantaneous collector efficiency and found in the range of 50 -55%.
Introduction
A direct expansion solar assisted heat pump (DX-SAHP) system employs solar collector as an evaporator. A refrigerant that passes through the solar collector expands directly by the useful heat gain from the solar radiation and undergoes a phase transition phenomena from liquid to the vapor state. This useful heat gain by the refrigerant can be improved by maintaining the evaporator temperature slightly higher than the ambient conditions. Higher the temperature difference between the evaporator and the surroundings result in higher heat losses reflecting in lower efficiency of the system. Hence, it is preferable to maintain the evaporator (collector) temperature at low or closer to ambient temperature in order to minimize heat losses from the collector. However, it is preferred to operate the evaporator in the temperature range of 0⁰ -10⁰C higher than the surroundings, because of the fact that, higher temperature effects higher heat gain [1] . Moreover, proper selection of the solar collector can further minimize the heat losses. Selective surface coatings along with the vacuum insulation between the two concentric tubes are some of the distinct design aspects of the evacuated tube solar collector over flat plate solar collector. Thus evacuated tube collector enhances higher useful heat gain along with minimal heat losses [2] . Hence, these types of collectors are currently widely used in the solar adverse regions for residential solar thermal applications. However, glass evacuated tubes cannot sustain high pressure system. Therefore, U-pipe inserted evacuated tubes are used to deal with a high pressure thermodynamic cycle in the solar heat pump systems.
The refrigerant characteristics also have a great impact on the performance of DX-SAHP system. However, many conventional refrigerants raise concern on their detrimental effects on the environmental issues. [3, 4] . A unique property of CO 2 over other refrigerants is that it experiences only a very small change in saturation temperature with a given change in saturation pressure. Thus the efficiency of CO 2 direct expansion heat pump system does not affect much with the large change in pressure [5] . Figure 1 shows a schematic diagram of the system used in the present study that comprises of two main circulation loops: CO 2 loop and water loop. In this paper, CO 2 is proposed as a working fluid to study the performance of DX-SAHP water heater in a transcritical cycle. To validate the developed model, the simulated results have been compared with the experimental data reported in the literature. Details of the developed model are discussed in the following section.
Mathematical Modeling
A transcritical CO 2 heat pump cycle has been modeled by utilizing U-pipe evacuated tube solar collector as an evaporator. The thermal performance of the system is predicted based on the following general assumptions: (a) steady state heat transfer process while in operation; (b) compression process is considered as adiabatic but not isentropic; (c) pressure drop in connecting pipes are negligible; (d) isenthalpic expansion process is considered. Above assumptions are taken into consideration for describing the governing equations of the various components of the heat pump system. The system comprises of four basic system components, such as evaporator/solar collector, compressor, gas cooler/heat exchanger, and expansion valve.
Solar collector/evaporator model:
U-pipe evacuated tube solar collector has been used for modeling the evaporator component. The useful energy gain by the solar collector is given by,
where the overall heat loss coefficient is defined as (2) Edge loss coefficient, is assumed to be negligible but the top loss coefficient, is a function of both convective and radiative heat losses [6] . The collector efficiency factor, can be expressed by Hottel-Whilliar Bliss equation as:
The standard fin efficiency, can be expressed as (4) where m is defined as
The pressure drop inside the collector tubes and heat transfer coefficients are determined based on generalized equations reported in the literature [4, [7] [8] [9] . As a transcritical cycle deals with both the two-phase and the supercritical vapor zone, the working fluid CO 2 enters the collector tubes as two-phase mixtures and leaves the collector outlet as superheated vapor. The heat transfer coefficient in two-phase is determined using the correlation of Jung et al. [7] and pressure drop is predicted by Lockhart-Martinelli equation [8] . In the single phase vapor flow heat transfer coefficient is calculated using the Gnielinski relation [9] and pressure drop is determined by the usual Darcy-Weisback equation. The temperature of the CO 2 fluid inside the U-tube is determined by Zhang et al. [4] using a finite volume approach.
The thermal resistance in the selectively coated, U-pipe, and fin is considered to be negligible and hence it assumed to be at the same temperature. The convection coefficient of air can be predicted based on the wind velocity.
where is the wind velocity in m/s. The efficiency of the collector is expressed as (7) The energy absorbed by the refrigerant can also be described by the enthalpy changes between the inlet and outlet of the collector and the mass flow rate.
Compressor model:
Mass flow rate of the refrigerant through the compressor is expressed as (9) where compressor speed is measured in rpm. The volumetric efficiency, of the semi-hermetic compressor can be determined [10] as (10) The isentropic efficiency of the compressor can be expressed by eqn. (11) and calculated by employing pressure ratios of semi-hermetic compressor of eqn. (12) [10] (11) (12) and finally the compressor work can be calculated as (13)
Gas cooler/Heat exchanger model:
The heat exchanger modeled in this system is considered to have concentric-tubes with refrigerant flowing through the inner tube and water flowing through the annular space between tubes in counter flow direction. Assuming negligible heat losses to the ambient, the energy balance for the heat exchanger based on 1 st law of thermodynamics can be written as (14)
The heat transfer rate can also be determined from the effectiveness-NTU method for the counter-flow heat exchanger as (16) where effectiveness of counter-flow is (17)
The number of transfer units is defined as (18) where the overall heat transfer conductance is defined as
The water side heat transfer coefficient is determined by Nusselt relationship given by Petukhov and Roizen [11] and the supercritical CO 2 heat transfer coefficient is determined by using Pitla et al. [12] . The delivered heat energy to the water can also be defined as a function of enthalpy relation: (20)
System performance:
The COP of the heat pump system is expressed as (21)
System simulation
The thermodynamic transcritical cycle of the proposed heat pump system was determined by the heat transfer processes associated with the CO 2 flow through the solar collector and the compression process by the compressor. The working fluid was assumed to be uniformly distributed in the U-pipe of the collector tubes. In order to evaluate the transcritical cycle performance of using CO 2 in the solar-assisted heat pump system, a constant compressor input is considered for the each simulation cycle and henceforth determined the supercritical nature of CO 2 in the the following components in a steady state operating conditions. The simulation procedure as continued until the enthalpy change across the expansion valve was minimized. It should be pointed out that CO 2 has a comparatively low critical point ( 7.38 Mpa, 31.1⁰C). Supercritical CO 2 near to its critical point shows rapid variations in thermodynamic and transport properties with a little change in temperature (near the pseudo-critical point). This could be effictively explained to harness useful energy in the evaporator section. This model evaluates the performance of solar-assisted heat pump cycle for water heating purposes when exposed to work during winter and spring conditions pertaining to North Dakota region, USA. All the meteriological data used in the model are from Ref. [13] . The performance of the transcritical cycle, such as COP, heat delivery rate, collector efficiency, and mass flow rate of CO 2 is simulated for various compressor speeds ranging from 900 -1500 rpm. The base parameters used in the simulation model are listed in Table 1 . Thermophysical fluid properties, such as enthalpy, entropy, specific heat, and density are determined by using REFPROP 8.0 software package.
A counter-flow heat exchanger of 15m length with inner tube having internal and exterternal diameter of 5 and 7 mm, respectively, and outer tube internal diameter of 16mm has been modelled in this study. The flow rate and inlet water temperature were assumed to be constant at 0.05 kg/s and 7⁰C, respectively [15] . 
Results and Discussions
In order to avoid two-phase properties at the inlet, compressor was assumed to deal only with the vapor phase to the discharge state of either vapor or supercritical state. Thus the solar collector will undergo a part of heating process in the two-phase region and a part of it in the vapor region before the refrigerant entering into the compressor inlet. A CO 2 P-h diagram is shown in Fig. 2 considering a typical spring weather day of Fargo, ND [16] . It is seen from the simulated state that a transcritical operating condition is achieved throughout a steady state operating cycle. It is found that a heat sink of relatively low-temperature (-5⁰C -10⁰C) plays an important role to ensure efficient transcritical operation. Figure 3 shows the validation in collector efficiency the ratio of the temperature difference of fluid and ambient to the solar intensity. The average efficiency (52%) was compared with the experimental value [3] and was found to agree well within an error difference of 13%. The predicted efficiency values are higher than water driven solar collector. The performance of the heat pump system is evaluated in terms of COP values and the heat extraction rate at the heat exchanger for the solar intensity varying from 550 to 700 W/m 2 with a compressor speed ranged from 900 to 1500 rpm. Figure 4 shows the variation in the system COP as well as rate of heat output with change in compressor speed. Comparatively lower compressor speeds, 1000 to 1100 rpm, the system could attain a COP around 2 -2.5 with a heat extraction rate of 2.4 -3.4 kW. However, when the compressor speeds were increased beyond 1100 rpm, COP and heat output reduced since, required work input was much higher than the effective raise in the working fluid temperature. 
Conclusion
Thermal performance of SA-DXHP water heater by using CO 2 as a refrigerant for the moderate weather conditions of North Dakota has been simulated and is discussed in this paper. The results were then optimized for varying compressor speed. Results revealed that by decreasing compressor speed from 1500 to 900, the COP can be improved by an average of 57%. The efficiencies of the solar collector were also predicted (50-55%) and found a good agreement with the experimental values. Even though U-pipe assisted evacuated tube solar heat pump systems pertain higher initial cost, the environmentally friendly and economically cheap CO 2 have better prospect in solar thermal applications.
